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INTRODUCTION
1 Soybean cyst nematode (SCN) forms a large multinucleated feeding cell (syncytium) 2 within the vascular cylinder of the soybean root by inducing the degradation of cell walls and 3 membranes between adjoining cells (Goverse et al., 2000) . As many as 200 plant cells may be 4 incorporated into a single syncytium (Jung and Wyss, 1999) . Evidence indicates that the M a r k L T u c k e r , p a g e 5 endotransglucosylase/hydrolase) from SCN-infected roots and several were shown to be up-1 regulated during SCN infection (Tucker et al., 2007) . Several of the same genes were also 2 expressed in root tips where vascular development occurs and in leaf abscission where extensive 3 cell wall degradation leads to separation of the petiole from the stem (Tucker et al., 2007) .
4
In addition to gene expression in root tips and abscission that was examined previously because so many roots emerge along a longitudinal split in the hypocotyl ( Fig. 3e and 3j ). In 1 addition to splitting and root initiation, hypocotyls submerged in water for more than 4 days 2 displayed a typical pattern of cell separation expected for primary lysigenous aerenchyma, 3 appearing as holes in the transverse sections ( Fig. 3f and 3g ). After 8 days cells of the cortical 4 layer outside the ring of phloem were loosely connected and easily shed with any mechanical 5 contact to the extent that it made sectioning of this tissue difficult (Fig. 3k) . The loose packing 6 of the cells in the cortex looked similar to that in the taproots after 7 days of flooding and is 7 presumed to be schizogenous aerenchyma formed by separation and enlargement of mature 8 cortical cells (Thomas et al., 2005; Bailey-Serres and Voesenek, 2008) . The pattern of gene 9 expression in the rooting hypocotyls shares similarity with that for the flooded roots, which syncytium are mostly degraded ( Fig. 4b and 4c ). As the nematode and syncytium mature, the 1 1 GUS stain disappears near the nematode but continues to be prevalent at short distances from the 1 2 nematode (Fig. 4e) . A thin section prepared from a root piece with a more mature adult female 1 3
nematode attached shows the greatest amount of GUS stain at the ends of the expanding 1 4 syncytium ( Fig. 4g) . In some sections of lateral roots with more mature nematodes attached
GUS staining could also be seen in cortical cells near the ends of the growing syncytium (result 1 6 not shown). GUS staining, however was not observed in the split in the cortex where the 1 7
nematode emerged through the cortex.
8
PG11a::GUS expression also increased in hypocotyls induced to form adventitious roots 1 9 (Fig. 3) . The rooting hypocotyls provide several different developmental processes and cell 2 0 types that could be examined for cell-specific expression of the PG11a promoter, i.e., root 2 1 initiation and attending vascular development, formation of aerenchyma, and cortical cell 2 2 separation immediately above the growing root initial. In hypocotyls stained for GUS activity 2 3
prior to treatment with auxin and ethylene (0 days) the stain was distributed fairy evenly across 2 4 the entire hypocotyl ( Fig. 3d) . At 4 days post treatment, GUS staining increased and was more 2 5 evident around the sclerenchyma, thick walled dead cells at the border of the phloem and cortex 2 6
( Fig. 3h and 3i ). The cortex and pith were also stained at 4 days ( Fig. 3i) , although less than 2 7
around the sclerenchyma. After 8 days, GUS staining was mostly concentrated around the 2 8 sclerenchyma cells (Fig. 3m and 3n ). GUS staining was great enough at 8 days to be visible in 2 9
thinner 15 μm sections (Fig. 3l) . In 15 um sections GUS stain was greatest in cells immediately 3 0
inside and between the sclerenchyma bundles.
GUS expression was also detected in abscission zones, petioles and leaves (Fig. 4) . QPCR 1 indicated that PG11a expression was strongly up-regulated during abscission and that this 2 increase was primarily restricted to the abscission zone (Fig. 4) . Although histochemical 3 staining for GUS activity indicated enhanced staining at the separation layer 2 days after 4 induction of abscission ( Fig. 4g) , there was also staining throughout the petiole (results not 5 shown). Moreover, where QPCR indicated a low level of PG11a expression in leaves, GUS 6 activity was relatively high in leaf tissue (Fig 4h) . The reason for these discrepancies in PG11a 7 transcript accumulation and GUS activity might be due to missing regulatory elements in the common regulatory mechanisms, the promoters of these up-regulated genes (Supplemental File 1 6 S1) were searched with MEME (Bailey and Elkan, 1994) to identify shared sequence motifs that 1 7 might act as regulatory cis-acting elements. A MEME search identified a seven nucleotide 1 8
sequence (GCATGTG) conserved in many of these gene promoters (Table I) . Subsequent nt to include a conserved A/T (W) at the 5´ end. The WGCATGTG motif was named SCNbox1.
2
Many of the genes that included the SCNbox1 motif were also expressed in root tips, rooting 2 3 hypocotyls and abscission zones (Table I ). for one of each class of cell wall modifying proteins that also included at least one copy of the
SCNbox1 motif in their gene promoter. Although not identical, the gene expression profile is 2 6 similar for each of the genes that include the SCNbox1 motif (Fig. 5 ). The experiments described herein had two broad objectives, (1) identify changes in gene 3 0 expression common to SCN infection and other plant processes that involve cell wall loosening
and (2) well as strengthen the many membranous protrusions into the syncytium that function to increase 7 the surface area of the syncytium for nutrient uptake (Goverse et al., 2000) . In regards to 
7
PG10a/b may also play a role in synthesis of new wall material rather than degradation of the 1 8 cell walls.
9
Of all the developmental and environmental responses examined, the gene expression cell death, formed within the 7 days of treatment; however, lysigenous aerenchyma, small air 3 0 channels in the cortex formed by cell death, were not observed in the taproots (Fig. 2) . However,
hypocotyls submerged in water with 10 -5 M IBA and exposed to 1 μL L -1 of ethylene produced 1 what appeared to be lysigenous aerenchyma after 4 days and schizogenous aerenchyma after 8 2 days (Fig. 3) . Ethylene was proposed to be necessary for induction of cell death in lysigenous The loose association of cells in the cortex in the tap roots of flooded plants (Fig. 2 ) and the 7 submerged hypocotyls (Fig. 3) resembles schizogenous aerenchyma. The marked change in cell additional genes for cell wall modifying proteins not included in this study increase during is not similar to the profile for flooded roots indicates dissimilar mechanisms for regulating gene 1 7 expression in these two processes.
8
Transcript for PGlla did not increase in the flooded roots but did increase in submerged 1 9
hypocotyls treated with auxin and ethylene ( Fig. 1 and 5) . Moreover, the increase in transcript 2 0 expression for PG11a was restricted primarily to the stem rather than the adventitious roots ( diameter (Kemmerer and Tucker, 1994) . It is possible that cell division occurred in this region 2 8
near the pericycle; however, it seems more likely that existing cells were expanding radial.
9
Thus, expression of PG::GUS correlates with the swelling of the hypocotyl but does not appear 3 0
to be correlated with formation of primary aerenchyma in the cortex. Of interest in this regard is
that PG11a gene expression was not strong in the first centimeter of the root where cell 1 elongation is prominent but was greater farther away from the root apex where radial expansion 2 is greater (Fig. 1) . We propose that PG11a expression is best linked to radial expansion of cells 3 and/or dissolution of the cell wall as would occur in abscission and syncytium development and 4 not formation of aerenchyma.
5
In addition to all the processes that would normally occur in hypocotyls during induction of 6 adventitious roots (e.g., aerenchyma, cell division, vascular development, etc.), the hypocotyls 7 also display an exaggerated separation of cells (splitting) where the roots emerge from the stem 8 (Fig. 3) . The loosening of cell walls immediately above an emerging lateral root is another using a GUS reporter gene that a PG gene that is up-regulated at the site of nematode (H. polygalacturonase was thought to be a possible candidate for this process because it is not 2 1 strongly expressed in root tips ( Fig. 1 and Fig. 4) . However, no GUS staining was observed in 2 2 the splits where nematodes emerged or in the splits in the rooting hypocotyls. Although other 2 3
polygalacturonases may be associated with this splitting event, PG11a is not.
4
The expression of the PG11a promoter (GUS) in parenchyma cells surrounding the
vascular system in the hypocotyl may suggest a regulatory mechanism in common with SCN-
induced syncytium since the syncytium also forms from vascular parenchyma cells (Golinowski , 1996; Holtmann et al., 2000) . Histochemical GUS staining was greatest in the stele of 2 8
SCN infected roots (Fig. 4a) . However, as the nematode and syncytium matured GUS stain 2 9
disappeared at the immediate site of the nematode attachment (Fig. 4e ) but remained high near 3 0 the ends of the expanding syncytium (Fig. 4g) . PG11a may play a role in opening up the pectin
matrix to provide access for other enzymes to the cellulo-xyloglucan framework and therefore 1 GUS expression is most evident in cells at the initial phase of incorporation into the syncytium 2 and not when the cell wall material is being digested inside an established syncytium boundary. promoters for genes highly up-regulated in SCN infected root pieces and also correlated to some 1 2 extent with up-regulation in other cell wall loosening processes (Table I) . Of interest here is that
Cel12a/b and PG10a/b, which were expressed in SCN infected root pieces but not abscission or more closely linked to cell wall synthesis than degradation and be regulated differently than
genes linked to cell wall dissolution.
7
The SCNbox1 sequence includes the CATGTG motif sometimes referred to as an E box, Arabidopsis 63 nt erd1 fragment that was required for induction by drought it was discovered 2 3 that a NAC-domain transcription factor bound to this element and the sequence requirements for possible candidate regulatory components in the current study because they've been 2 7 demonstrated to be involved in root tip development and in lateral root initiation as well as WGCATGTG motif found in the soybean genes described here. The role, if any, for the 1 SCNbox1 motif remains to be determined; nevertheless, the occurrence of this motif in the 2 promoters for genes up-regulated by SCN infection does not appear to be random and therefore 3 of interest for further study. 
MATERIALS AND METHODS

7
SCN Colonized Root Pieces, Root Tips and Abscission Zones 1 8
Plants were grown and tissues prepared as previously described (Tucker et al., 2007) .
9
Briefly, soybean (Glycine max, cv Williams 82) were germinated and grown in the greenhouse in abscission zone and petiole collection were prepared from 2 week-old plants that were exposed the lateral bud. The petiole material was taken between the two abscission zones at either end.
0
All tissues were frozen in liquid nitrogen and pulverized with a mortar and pestle. Total RNA
was extracted from pulverized tissues using a Qiagen RNeasy Plant Mini Kit (Qiagen, Valencia, 1 CA). Seeds were surface sterilized in 95% ethanol for 3 min followed with 10% bleach for 10 5 min and then rinsed with distilled water. Seeds were planted in Perlite and grown 3 weeks in a 6 growth chamber at 23°C with 15 hr light. Perlite was removed from the roots and the roots 7 submerged in water up to the base of the stem. At 1, 3 and 7 days post submergence the entire 8 root systems of each plant was harvested at the root stem juncture and frozen in liquid nitrogen.
9
For microscopy, pieces of lateral and taproots were fixed in an ethanol acetic acid mixture at a 1 0 ratio of 3:1. water. The beakers were then placed in a 9 L glass chamber (desiccator) and ethylene injected to 1 8 achieve a concentration of 1 μL L -1 ethylene. The desiccator was placed in a growth chamber at 1 9
23°C with a 15 hr light and 9 hr dark cycle. Every 24 hr the jars were opened for a few minutes, microscopy the hypocotyls were treated and collected in a similar fashion and stained for GUS Procedures for Semi-quantitative real-time PCR and the PCR primers used to examine gene 2 9
expression for cell wall modifying proteins were described previously (Tucker et al., 2007) . A 
diluted to a larger volume to accommodate a large number of PCR reactions and thereby reduce eliminates ratios with a denominator of zero. Generation of Transgenic Plants:
A soybean phage genomic library was screened for clones with similarity to a PG11 cDNA.
7
A 17 kb genomic insert was sequenced and when the soybean genomic sequence became 1 8 available the two sequences were compared. Only a few differences were found between the two 1 9
sequences. PCR was used to fuse a 1951 bp GmPG11a gene promoter to a GUS reporter gene and the presence of a TATA-box motif 27 bp upstream from the end of the cDNA sequence.
4
The GUS open reading frame included an intron from the castor bean catalase gene 18 bp down
from the start of translation (Tanaka et al., 1990) . The PG11a-GUS-NOS3 construct was cloned soybean (Glycine max, Williams 82). Seven independent events displayed hygromycin
resistance and all seven tested positive for the GUS gene in a PCR genomic DNA assay. Five 1 events displayed strong GUS staining in an abscission assay. The following materials are available in the online version of this article.
3 Supplemental File S1. Fasta file of genomic sequences for cell wall modifying proteins 4 used in this study. The coding sequence for an alcohol dehydrogenase (named GmADH4) 5 identified in the Glycine max genomic sequence is also included. consistency of molecular structure with the physical properties of the walls during growth. thaliana during female development of the plant-parasitic nematode Heterodera schachtii. Plant Microbe Interact 13: 1121-1129 
